؉ lymphocytes by human immunodeficiency virus type 1 (HIV-1) in vivo, we determined frequencies of infection, proviral conformation, and genetic relationships between HIV-1 variants infecting naive (CD45RA ؉ ) and memory (CD45RO ؉ ) peripheral blood CD4 ؉ and CD8 ؉ lymphocytes. Infection of CD3 ؉ CD8 ؉ CD45RA ؉ cells was detected in 9 of 16 study subjects at frequencies ranging from 30 to 1,400 proviral copies/10 6 cells, more frequently than CD3 ؉
CD4
ϩ lymphocytes are considered to be the principal target of human immunodeficiency virus type 1 (HIV-1), but more recently a number of studies have shown the in vivo infection of other lymphoid cell types including CD8 ϩ T lymphocytes (12, 21, 31, 33, 51) . CD8
ϩ T cells are a major immunological defence against HIV-1 infection. In most individuals, HIV mediates a strong specific cytotoxic activity that eliminates productively infected cells. This response also blocks intracellular viral replication in CD4 cells by production and secretion of a number of soluble inhibitory factors such as macrophage inflammatory proteins 1␣ and 1␤ and RANTES (regulated upon activation, normal T-cell expressed and secreted), interleukin-16, and other, as yet unidentified factors (17, 32) . During the course of infection, there is a gradual loss of CD4 cells; after an initial increase in the number of cytotoxic T cells, the CD8 cell number similarly falls during disease progression (29) . The observed decline in both the number of CD8 cells and specific HIV cytotoxic activity coincides with an increase in viral load and may ultimately be a contributory factor to the eventual collapse of the immune system and the development of AIDS.
The mechanisms leading to CD8 T-cell dysfunction and depletion are still unclear. CD8 T-cell function may be the indirectly influenced by a defective HIV-1-specific CD4 T helper response that is necessary for the maturation and function of cytotoxic T cells. It has also been demonstrated after antigenic stimulation some CD8 T cells develop a state of unresponsiveness and eventual death is mediated via apoptosis (19, 30) . However, it has been observed that productive HIV-1 infection of cytotoxic T lymphocytes in vitro and in vivo in animal models can occur (47) . The peripheral interaction between CD4 and CD8 cells occurring in vivo as part of the immune response may allow direct transmission of infection to the CD8 lymphocytes. Alternatively, it is possible that damage to or deficiency of the thymus may also confer direct infection. HIV-1 may infect and destroy both intrathymic T progenitor cells (CD3 (4, 49) and mature CD3 hi CD8 ϩ thymocytes (28) . Recent studies alternatively suggest that infection of CD8 lymphocytes may occur by a conventional CD4-dependent mechanism, as CD4 expression is up-regulated following activation through the T-cell receptor complex (12, 49, 51) .
Information on the mechanisms of CD8 lymphocyte infection can be obtained by analysis of relative frequencies of infection of CD8 lymphocytes expressing the CD45RA (naive) and CD45RO (memory/effector) isoforms, as has been previously described for CD4 lymphocyte infection (36) . Abortive or noncytopathic infection of double-positive (CD4 ϩ CD8 ϩ ) thymocytes during maturation in the thymus would produce differentiated, naive CD8 ϩ lymphocytes in the circulation that contained stably integrated HIV proviral sequences. However, if infection occurred during the phase of CD4 expression after antigenic stimulation of CD8 lymphocytes, then proviral sequences would be preferentially distributed in the memory/ effector population, as the activation process would result in a change of phenotype from CD45RA ϩ to CD45RO ϩ . In this study, we investigated the frequency of HIV infection in CD4 and CD8 naive and memory cell populations separated from peripheral blood mononuclear cells (PBMCs) of HIV-seropositive individuals by quantitative PCR for HIV-1 proviral sequences. We also investigated possible genetic differences between variants of HIV-1 isolated from each of the lymphocyte subsets that might relate to time of infection or determine differences in cellular tropism.
MATERIALS AND METHODS
Samples and clinical details of study patients. Samples (20 to 30 ml) of whole blood anticoagulated with EDTA were collected from seropositive individuals attending the genitourinary medicine clinic or the infectious disease unit in Edinburgh. CD4 counts, viral load information, and risk groups from the patient group in whom distribution of HIV in naive and memory subsets of CD4 and CD8 lymphocytes were analyzed (Table 1) . Plasma virus loads were determined by a commercially available PCR (Roche Monitor, Lewes, East Sussex, United Kingdom). Further samples were collected from five healthy, HIV-seronegative control for cell purity measurements.
Cell separations. Blood samples were diluted with an equal volume of phosphate-buffered saline and PBMCs were isolated by density centrifugation over a Ficoll-Hypaque gradient (Lymphoprep; Nycomed). T lymphocytes were purified from PBMCs using a negative selection pan-T isolation kit on an automated MACS cell sorter (Miltenyi Biotec). CD8 ϩ and CD4 ϩ lymphocytes were isolated from the purified T cells by positive selection using CD8-and CD4-conjugated MACS beads. Naive and memory subsets of CD4 and CD8 lymphocytes were separated from PBMCs by initial separation into CD4 ϩ and CD8 ϩ lymphocytes by negative selection (Miltenyi Biotec). Naive and memory subsets of isolated CD4 and CD8 lymphocytes by obtained by positive selection using CD45RA-and CD45RO-conjugated MACS beads.
Analysis of the purity of isolated subsets by flow cytometry. For analyses in this report, the following combinations of labeled monoclonal antibodies were used (10 l per 10 5 cells; 30 min at 4°C): (i) fluorescein isothiocyanate isomer 1 (FITC)-conjugated CD8, phycoerythrin (PE)-conjugated CD3, and phycoerythrin-Cy5 (Cy5)-conjugated CD4; (ii) FITC-CD45RA and PE-CD45RO; (iii) FITC-CD45RA, PE-CD45RO, and Cy5-CD4; (iv) FITC-CD45RO, PE-CD45RA, and Cy5-CD4; (v) FITC-CD45RA, PE-CD45RO, and Cy5-CD8; and (vi) FITC-CD45RO, PE-CD45RA, and Cy5-CD8 (DAKO, Glostrup, Denmark). Cells were washed twice in phosphate-buffered saline with 2% bovine serum albumin and fixed in 200 l of 2% formalin. The purity of the isolated CD4 ϩ CD45RA ϩ , CD4 ϩ CD45RO ϩ , CD8 ϩ CD45RA ϩ , and CD8 ϩ CD45RO ϩ cell populations was assessed on a Coulter Epics Elite after gating on lymphocytes based on their forward and side scatter characteristics. Each analysis was based on a minimum of 5,000 events.
Detection and quantitation of HIV sequences. DNA was extracted from isolated cell subsets as previously described (44) . HIV proviral sequences were quantified by limiting-dilution nested PCR (44, 54) using nested sets of highly conserved PCR primers from the long terminal repeat (LTR) region. Pan-LTR primers were 5Ј-GRAACCCACTGCTTAASSCTCAA-3Ј (outer, sense) 5Ј-TG TTCGGGCGCCACTGCTAGAGA-3Ј (outer, antisense), 5Ј-CTCAATAAAGC TTGCCTTGAG-3Ј (inner, sense), and 5Ј-GAGGGATCTCTAGNYACCAGA GT-3Ј (inner, antisense) (5Ј base positions 506, 626, 524, and 578, respectively, in the HXB2 genome). Complete LTR (C-LTR) primers were 5Ј-ACTCTGGT RNCTAGAGATCCCTC-3Ј (outer, sense), 5Ј-GGCGTACTCACCAGTCG CCG-3Ј (outer, antisense), 5Ј-TCTCTAGCAGTGGCGCCCGAAC-3Ј (inner, sense), and 5Ј-TCAGCAAGCCGAGTCCTG-3Ј (inner, antisense) (5Ј base positions 578, 735, 626, and 692, respectively, in the HXB2 genome). Both primary and secondary PCRs for pan-LTR and C-LTR primers were carried out using the following parameters: 94°C for 18 s, 55°C for 21 s, and 72°C for 1.5 min for 30 cycles, followed by a final extension step of 72°C for 6 min. PCR amplicons were run at 150 V for 30 min on 2% agarose gels containing 0.5 g of ethidium bromide/ml and visualized under UV light.
Quantification was performed by limiting-dilution PCR as previously described (44) . Nucleotide sequences from the V3 region (patient samples p2, p3, p4, p11, p13, p14, and p15) were amplified using previously described primers (24, 40, 43) . To serve as negative controls, parallel separations, extractions, and amplifications were carried out with PBMCs isolated from buffy coats leukocytes derived from HIV-negative blood. HIV-1 DNA could be detected in CD4 T lymphocytes and CD8 T lymphocytes from HIV-seropositive individuals but not in any negative controls.
Cloning of the PCR products. Amplified DNA was ligated into a plasmid vector prior to nucleotide sequencing using the pGEM-T vector system (Pro- 35 S]dATP, and patient plasma samples were sequenced using a Thermosequenase radiolabeled terminator cycle sequencing kit according to the manufacturer's instructions.
Sequences were aligned and distances were estimated using the Simmonic 2000 sequence editor package. Phylogenetic analysis was carried out using the MEGA program (27) . The nucleotide sequences from V1/V2 and V3 amplified from each of the study subjects were compared with each other and with a range of standard HIV-1 variants. Each set of sequences from the four study subjects was monophyletic in both genomic regions and distinct from those of the published sequences of subtype B: HIVSF2 (K02007), HIVRF (M17451), HIVOYI (M26727), HIVLAI (K02013), HIVJRFL (M74978), HIVYU2 (M93258), HIVCAM1 (D10112), HIVNY5CG (M38431), HIVHAN (U43131), HIVWMJ22 (M12507), and HIVSFAAA (M65024).
Nucleotide sequence accession numbers. Nucleotide sequences obtained in this study have been submitted to GenBank and assigned accession numbers AF353734 through AF353941.
RESULTS
Detection of HIV proviral sequences in CD8 lymphocytes. T lymphocytes were separated from PBMCs by negative selection using immobilized magnetic beads. Fluorescence-activated cell sorting analysis showed substantial purity of the separated T cells, with Ն94% of cells coexpressing CD3 and CD45 (mean, 97.4%) ( Table 2 ). Monocyte contamination, detected by the expression of CD14 and CD45, was minimal (Ͻ3%; mean, 1.1%). Purified CD3 ϩ lymphocytes were subsequently separated by positive selection for CD8 expression and, in a separate step carried on the remaining cells, for CD4. Analysis of the purity of selected CD8 lymphocytes revealed extremely low numbers of contaminating CD4 lymphocytes ( Table 2 ; Fig. 1 ), in no case exceeding 0.5% of the total population. Knowledge of this frequency combined with quantitation of proviral load in purified CD8 and CD4 lymphocytes allowed calculation in worst-case situations (i.e., 0.5% CD4 contamination) of the contribution of CD4 lymphocytes to the proviral load detected in CD8 lymphocytes (see below).
Having established the effectiveness of the cell separation method, we separated samples from seven HIV-infected individuals into CD4 and CD8 T lymphocytes and assayed them for HIV proviral DNA sequences using highly conserved primers from the LTR. These pan-LTR primers amplify DNA sequences immediately downstream from the tRNA primer binding site and are therefore potentially able to detect incomplete transcripts resulting from abortively infected cells (18, 52) . Frequencies of infected cells ranged from 30 to 670 proviral copies/10 6 CD4 lymphocytes and from 8 to 500 /10 6 CD8 lymphocytes. The worst-case scenario, where CD4 lymphocytes comprise 0.5% of the CD8 population (see above), failed to account for the proviral sequences detected in CD8 lymphocytes in at least five of the seven samples (Table 3 ; Fig. 2A ). Maximum contributions from contaminating CD4 lymphocytes ranged from Ͻ5% in these four samples and 27 and 33% in the remaining two. These latter samples contained low proviral loads in the CD8 lymphocyte subset (Ͻ10 copies/10 6 cells). Similar results were obtained on retesting proviral loads using a different set of primers (C-LTR) ( Table 3 ). In this case, CD4 contamination accounted for Յ1% of proviral load detected in five samples and for 16 and 44% in the remaining two).
Detection of complete proviral transcripts. To determine whether proviral sequences detected in CD4 and CD8 lymphocytes were incomplete or complete transcripts, DNA samples from each subset were quantified using a second set of primers spanning the region on either side of the primer binding site. Quantitation of the plasmid HXB2 demonstrated that pan-LTR and C-LTR primers had equal sensitivities (data not shown), and so the detection of greater proviral loads using the pan-LTR primers in CD4 or CD8 lymphocytes would indicate the presence of incomplete proviral transcripts. Proviral loads using the two sets of primers were comparable in each case, with no evidence for higher virus loads detected with the pan-LTR primers (median ratio of pan-LTR to C-LTR, 0.638; Z ϭ 0.76 using Wilcoxon signed rank test; P ϭ 0.445 [not significant]).
Distribution of HIV in naive and memory subsets of CD4 and CD8 lymphocytes. To obtain phenotypically unchanged CD4 ϩ and CD8 ϩ T lymphocytes for separation of naive and memory subsets, it was necessary to use negative selection to isolate CD4 and CD8 lymphocytes prior to positive selection with CD45RA and CD45RO monoclonal antibodies. The purity of the isolated CD4
ϩ CD45RA ϩ , and CD8 ϩ CD45RO ϩ cell populations from five HIV-1-negative individuals and one HIV-1-positive individual was determined (Table 4) . CD4 ϩ lymphocytes contained 0.9 to 1.3% contaminating CD8 ϩ cells, similar to that found in the sample from the HIV-positive sample (0.7 to 1.2%). Contamination of the separated CD8 ϩ lymphocytes by CD4 ϩ cells was similarly low (0.8 to 1.7%). As described above for CD4 and CD8 lymphocytes separated by positive selection, the contribution of contaminating CD4 ϩ lymphocytes could not account for the proviral load detected in the majority if CD8 lymphocytes samples (see below).
HIV sequences in DNA from each of the purified lymphocyte subsets of the 16 study subjects was quantified by limiting dilution (Table 1 ; Fig. 2B and C) . HIV-1 proviral DNA was detected in the CD4 naive and CD4 memory subsets of all patients studied (between 55 and 4,307 provirus copies per 10 6 cells) except in the CD4 memory subset of p15 (Table 1 ). The frequency of infection and proportion of virus load contributed ϩ subsets from 10 of the 16 individuals. The contribution of contaminating CD4 lymphocytes to the measured virus loads was small or insignificant in 10 of these samples (Table 1) , and these were considered to represent infection of CD8 lymphocytes. In eight individuals, HIV preferentially infected the naive subset of CD8 T lymphocytes, with proviral frequencies ranging from 25 to and 1,440 provirus copies per 10 6 cells). There was a tendency for higher frequencies of infected CD8 
CD45RA
ϩ cells to be found in individuals with lower CD4 counts, although this difference did not reach statistical significance (P ϭ 0.286). Frequencies of HIV-infected CD8 lymphocytes did not correlate with disease status, risk group, antiviral therapy, or total CD4 lymphocyte counts. There was no correlation between frequency of infection of CD8 cells with either CD4 subset.
Effect of antiviral therapy on CD4 and CD8 lymphocyte infection. CD4 and CD8 naive and memory lymphocyte subsets were separated from pretreatment and sequential posttreatment samples collected from five individuals receiving combination antiviral treatment and then analyzed for proviral sequences (Table 5) . Treated individuals showed rises in circulating CD4 counts and reductions in circulating viremia. Despite the effectiveness of the antiviral therapy, the distribution and frequency of infected cells in each of the subsets remained relatively stable, in all cases remaining within a Ϯ1-log 10 range of the levels detected in the initial samples. Infection of CD8 lymphocytes remained detectable in the three individuals whose first samples were positive, while the two individuals with negative CD8 lymphocytes in the pretreatment samples remained negative during treatment. There was evidence for a decline in the frequency of infected CD4 ϩ
ϩ and CD4 ϩ CD45RO ϩ lymphocytes over the course of treatment (r ϭ Ϫ0.428; P ϭ 0.098 and r ϭ 0.545; P ϭ 0.029 respectively). A similar decrease in the frequencies of infected CD8 ϩ CD45RA ϩ cells was not observed, although fewer observations were made (r ϭ 0.070; P ϭ 0.870).
Sequence comparison of HIV infecting different lymphocyte subsets. To investigate the possible genetic partitioning and differences in predicted phenotype of HIV infecting CD4 and CD8 lymphocytes, proviral sequences of the V3 hypervariable region of env were compared ( Fig. 3 and 4) . From seven study subjects, approximately 10 clones derived from amplified DNA extracted from the separated lymphocyte subsets were sequenced. The combined set of V3 sequences from each individual were monophyletic and distinct from those of previously published V3 region sequences (data not shown).
Sequence diversity within lymphocyte subsets and the degree of partitioning between them varied considerably between the study subjects. V3 sequences from the naive CD4 and CD8 subsets of p15 grouped together and showed mean diversities of 0.002 to 0.0064, similar to the mean pairwise distance between subsets (0.0071). In marked contrast, sequences from CD8 lymphocytes of p14 were distinct from all other cell types, forming a separate clade supported in 100% of bootstrap resamplings. In this individual, the mean pairwise distance between the CD8 and CD4 lymphocytes ranged from 0.113 (CD4 ϩ CD45RA ϩ ) to 0.119 (CD4 ϩ CD45RO ϩ ), much greater than the diversity within the CD8 population (0.0076). There was no correlation between sequence diversity in any of the subsets with disease progression, nor was there correlation with proviral load (data not shown).
Among the six study subjects from whom CD8 lymphocyte sequences were obtained, five showed either partial or complete separation from CD4 virus populations. In contrast, only one of six study subjects showed any evidence for separation of CD4 naive and memory subsets (p8) (Fig. 4) . Most sequences contained neutral or acidic residues at positions 306 and 320. However, sequences of certain subsets of lymphocytes from p8 (CD4 ϩ CD45RA ϩ ) and p14 (CD4 ϩ lymphocytes and plasma) contained arginine residues at position 306 along with several other amino acid changes in V3 and flanking regions. These sequences formed phylogenetically distinct clades that grouped separately from variants found in other subsets.
DISCUSSION
The use of magnetic bead separation provides an effective method to isolate subsets of lymphocytes that can be assayed for HIV infection by conventional PCR. One of the problems with the technique when used to investigate infection of CD8 Comparison of net proviral load in CD4 and CD8 lymphocytes separated by positive selection (A), and in CD4 lymphocytes (B) and CD8 lymphocytes (C) separated by negative selection, followed by positive selection for CD45RA and CD45RO. cytes from at least five of the seven samples tested (Table 3) . A similar conclusion was drawn from comparison of frequencies of infected CD45RA ϩ and CD45RO ϩ CD8 lymphocytes with measurements of CD4 contamination ( Table 1 ). The purity of T cells isolated by the pan-T negative selection method and in particular the lack of significant monocyte contamination (Table 2) provided evidence against a significant contribution to proviral load by other cell types in the PBMC population.
Further evidence was provided by lack of a correlation between frequencies of infected CD4 lymphocytes and detection of proviral sequences in either the CD3 ϩ , CD8 (Tables 1 and 3 ). For example, the sample with the highest frequency of infected CD4 lymphocytes (p4) contained undetectable frequencies of CD8 infection; similarly, the sample with the highest CD8 proviral load contained relative low frequencies of infection of both subsets of CD4 cells. Third, although there was considerable intersubject variability in the detection of CD8 lymphocyte infection, longitudinal sampling of the same individual over time revealed remarkable stability in proviral loads in each of the lymphocyte subsets. For example, pretreatment samples from p1 and p12 contained undetectable frequencies of infected CD8 lymphocytes, while samples subsequently remained negative. The remaining individuals with infected CD8 lymphocytes pretreatment remained PCR positive subsequently. The consistency of provirus detection in the lymphocyte subset argues against sporadic contamination by CD4 lymphocytes as a reason for our observations. Finally, CD4 contamination would not account for the frequent genetic differences observed in the V3 hypervariable regions between variants recovered from CD8 with those from the CD45RA ϩ and CD45RO ϩ subpopulations of CD4 lymphocytes (Fig. 3) .
In this study, expression of the RA and RO isoforms of CD45 was used to select between two functionally different subsets of T lymphocytes (naive and memory /effector, respectively) in the peripheral circulation. The separation method had to be modified to avoid potential cellular activation and resulting change in CD45 expression that may occur during the two rounds of positive selection required by the original method (positive selection for CD8 or CD4, followed by bead removal and positive selection by CD45RA or CD45RO monoclonal antibodies). Evidence for the effectiveness of the second method is provided by the similarity in the combined frequencies of infected CD45RA ϩ and CD45RO ϩ CD8 and CD4 cells with those measured in CD8 and CD4 lymphocytes separated by positive selection in this (Fig. 2) and previous (31) studies. It is unlikely that CD8 lymphocytes were significantly contaminated with CD4 lymphocytes with Nef-induced down-regulation of CD4 expression. It has been long established that the proportion of provirus-positive PBMCs that are actively infected with HIV is extremely low. PBMCs expressing HIV mRNAs detectable by in situ hybridization were undetectable or present only at very low frequencies (16), frequencies considerably adrift from the numbers of PBMCs containing proviral DNA sequences (42, 44) . More recently, quantitative PCR methods to detect multiply spliced mRNA transcripts (from which nef is translated) have been developed. They have confirmed that few, if any, cells in the peripheral circulation contain transcriptionally active HIV (2) . In a variety of HIVinfected individuals, frequencies of multiply spliced mRNA ranged from 0 to 700 copies per 2 ϫ 10 5 PBMCs. As a productively infected cell expresses at least 100 to 1,000 spliced transcripts, the expression detected in vivo can be accounted for by a few or even single virus-expressing cells in the sample. These frequencies are considerably adrift from the numbers of provirus-positive cells detected in the CD8 fraction purified by negative selection (Table 1) . Quantitation of proviral sequences in these two subsets indicated that the CD45RA ϩ (naive) subset was infected with HIV-1 in vivo, in contrast to the distribution of proviral sequences in the RO and RA subsets of CD4 ϩ lymphocytes. Separate identification of HIV-1 infection in naive and memory/effector cells provides information on the time of infection of T cells relative to maturation and activation, which in turn provides indirect information on the likely mechanisms underlying infection of peripheral CD8 lymphocytes. While expression of CD45RA and CD45RO has been the most commonly used method for separating naive and memory/effector cells, expression of other markers in combination with CD45 has been used to more strictly define functionally distinct subsets. Markers of cellular activation such as CD38 expression and down-regulation of CD27 and CD28 have been used to identify effector from memory and naive CD8 ϩ lymphocytes (8, 14, 15, 20, 35) . Expression of CD62L in combination with CD45RA has been used to define purer populations of naive CD4 cells, as there is evidence that a proportion of memory CD4 cells of HIV-positive individuals express CD45RA (36, 39) . Whether abnormal expression of CD45RA on the CD8 lymphocytes of HIV-positive lymphocytes also occurs has not been determined. Recently it has been reported that the isoform of CD45 expressed on memory cells may ultimately revert to RA, potentially producing a subset of CD45RA ϩ cells functionally distinct from the naive phenotype (3) .
While it is possible that a proportion of the CD45RA ϩ CD4 and CD8 populations analyzed in our study may have originally been memory cells, the predominance of HIV-1 infection in the CD8 CD45RA ϩ subset argues empirically that the main target CD8 lymphocyte is the naive subpopulation. For example, it is unlikely that the infected CD8 cells detected are memory revertants, as it would be likely that a similar frequency of nonrevertant CD45RO ϩ lymphocytes would also be infected.
Infection of naive cells has been documented extensively in CD4 lymphocytes (36, 41, 45) and is confirmed in this study, although in contrast to our findings, frequencies of infected CD45RA ϩ have been reported to be lower than in the CD45RO ϩ effector/memory population. The latter cells are considered to be the main contributors to the pool of infected lymphocytes in vivo, where cellular activation on antigenic stimulation produces cells susceptible to infection and destruction by HIV-1 (9, 11, 48, 52, 53) . Indeed, productive infection of naive CD4 lymphocytes in vitro by laboratory isolates of HIV-1 is demonstrably inefficient, most likely through lack of T-cell activation necessary for efficient reverse transcription and integration of the HIV genome after entry (9, 11, 39, 46, 48, 52, 53) , and because they do not express the CCR5 chemokine coreceptor required for the entry of primary (nonsyncytium-inducing) variants (5, 34) . Hypotheses developed to account for the infection of naive CD4 lymphocytes may also be relevant for the infection of naive CD8 lymphocytes in vivo reported here.
There are several potential mechanisms for the infection of CD8 lymphocytes, although most would not predict the preferential distribution of infection in the naive subset. Peripheral CD8 lymphocytes express low levels of CD4 on mitogenic and antigenic stimulation in vitro, and it has been hypothesized that this allows productive infection of CD8 lymphocytes in vivo to occur (12, 25, 51) . This hypothesis is supported by our recent finding that CD4 expression can be detected on the CD69 ϩ , activated subpopulation of CD8 lymphocytes in PBMCs of both HIV-negative and HIV-positive individuals (S. Imlach et al., unpublished data), but the requirement for cellular activation suggests that the CD45RO ϩ population would be the main reservoir of infected CD8 lymphocytes. The absence of any measurable excess of incomplete proviral transcripts in CD8 lymphocytes (Table 3) provides further evidence against active infection of this subset.
It is possible that genetic variants of HIV-1 evolve during persistent infection to infect cells by a non-CD4-dependent mechanism; high levels of virus replication and extensive depletion of the CD4 target population may contribute to this switch. While phenotypic characterization of HIV variants infecting CD4 and CD8 lymphocytes would clearly be of value, and the genetic differences observed in V3 provide evidence for a genetic difference between the CD4 and CD8 populations, CD4-independent infection would likely remain cell cycle-dependent, or perhaps become more so if based on expression of high levels of coreceptors, and again would preferentially target the memory/effector CD8 cell population.
HIV-1 infection of CD4 ϩ CD8 ϩ immature thymocytes destined to become CD8 lymphocytes during thymic maturation (26, 28) would provide both a plausible mechanistic explanation for their infection, and would also explain the presence of proviral sequences in the naive subsets of both CD4 and CD8 lymphocytes in peripheral blood. The thymus represents a ma- FIG. 4 . Consensus V3 and flanking region sequences of lymphocyte subsets from seven study subjects. Separate consensus sequences were calculated for the two phylogenetic groupings of CD8 sequences from p3 and p8. Amino acid residues are numbered according to HIV-1 HXB2 ; positions 306 and 320 are indicated; basic residues are indicated in bold. Symbols: ., sequence identity with HIV-1 MN ; ?, variable sites without 75% majority consensus residue.
jor target for HIV-1 infection in vivo, and destruction of thymopoietic areas is observed on autopsy examination of AIDS cases. Destruction of CD8 precursor cells would also explain the eventual failure of CD8 homeostasis and decline in circulating numbers of first naive and then memory CD8 lymphocytes on disease progression (37, 38) , as well as the recovery in numbers of naive CD8 ϩ (and CD4 ϩ ) lymphocytes generally observed after commencement of antiviral treatment (1, 6) . Without biopsy material, it was not possible to directly observe the replication of HIV within thymocytes. Indeed, proviral sequences in naive cells in peripheral blood can be detected only in circumstances where thymocytes survive infection with HIV and mature into CD4 and CD8 lymphocytes. Survival of infected cells may occur because the infecting virus was defective or because the provirus integrated into a site in the host chromosome that prevented transcription. As documented for naive CD4 lymphocytes in the peripheral circulation, where frequencies of provirus-positive cells were approximately 100-fold greater than infectivity titers (36) , it is likely that the vast majority of integrated proviral sequences detected in naive CD8 lymphocytes would also be defective. The presence of culturable virus from this subset therefore provides little information on the degree of CD8 destruction that occurs in the thymus.
Evidence for the quiescent nature of HIV-1 infection in CD8 naive lymphocytes, consistent with thymic infection, is provided by the observation of equivalence in proviral load in CD8 lymphocytes between the pan-LTR and C-LTR primers ( Table  3 ), indicating that HIV proviruses were complete and potentially stably integrated into the cellular genome. Second, we observed a great stability in frequencies of infected CD8 population on antiretroviral therapy; combination treatment achieved a complete clearance of circulating viremia in the majority of study subjects (Table 5) , while over the period of virus suppression ranging from 1 to 11 months, there was no consistent reduction in frequencies of infected CD8 lymphocytes. Over the same period, frequencies of infected naive and memory subsets of CD4 lymphocytes showed a modest decline, consistent with previous kinetic studies reporting half-lives of proviral sequences from 21 to 58 weeks (7, 22, 23, 50) .
Sequences recovered from the CD8 lymphocytes were frequently distinct from those from CD4 lymphocytes, whereas the CD45RA ϩ and CD45RO ϩ subsets of the latter were generally undifferentiated from each other. Although there was great individual variation in the sequence relationships between different cell types, CD8 lymphocytes of p14 retained V3 sequences that lacked positively charged amino acid residues associated with a CXCR4-dependent phenotype (10, 13), when both subsets of CD4 lymphocytes and the plasma population contained variants with arginine residues at these sites and which were likely to have replaced the original population. This indicates a slower turnover of the CD8 population in this individual. Similar differences in rates of cell turnover may therefore underlie the genetic differences between CD4 and CD8 lymphocytes in other study subjects.
In summary, the evidence for infection of the CD45RA ϩ population of peripheral CD8 lymphocytes provides the basis for testing a number of competing theories for the mechanism CD8 lymphocyte infection in vivo. In the future, phenotypic characterization of variants infecting the two cell types should indicate whether CD4-independent entry of HIV-1 can occur. Further studies on the turnover of HIV-1-infected CD8 lymphocytes in vivo, such as the acquisition of antiviral resistance during treatment relapse, will provide information on the dynamics and consequences of CD8 infection and potentially on the mechanisms underlying the loss of CD8 lymphocytes on disease progression.
